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Every system in physics is described in terms of interacting elementary particles characterized by
modulated spacetime recurrences. These intrinsic periodicities, implicit in undulatory mechanics,
imply that every free particle is a reference clock linking time to the particle’s mass, and every
system is formalizable by means of modulated elementary spacetime cycles. We propose a novel
consistent relativistic formalism based on intrinsically cyclic spacetime dimensions, encoding the
quantum recurrences of elementary particles into spacetime geometrodynamics. The advantage of
the resulting theory is a formal derivation of quantum behaviors from relativistic mechanics, in
which the constraint of intrinsic periodicity turns out to quantize the elementary particles; as well
as a geometrodynamical description of gauge interaction which, similarly to gravity, turns out to
be represented by relativistic modulations of the internal clocks of the elementary particles. The
characteristic classical to quantum correspondence of the theory brings novel conceptual and formal
elements to address fundamental open questions of modern physics.
PACS numbers: 11.90.+t,03.70.+k,03.65.-w
Introduction — According to the Standard Model,
natural phenomena are described in terms elementary
particles and their relativistic interactions (including
gravity). In addition to this, in agreement with our
empirical observations of nature, undulatory mechanics
tell us that to every particle of local four-momentum
k¯µ = {ω¯,−k¯} corresponds an instantaneous spacetime
recurrence T µ = {T,~λ} of fundamental topology S1. This
is, in fact, the Lorentz projection Λ → γT − γ~β · ~λ of
the Compton proper-time periodicity Λ = 2π/m¯ of a
rest particle of mass m¯ — in natural units (~ = c = 1).
In modern physics the recurrence of elementary particles
are indeed represented as “periodic phenomena” [1, 2],
such as waves or phasors (wave-particle duality), in which
spacetime enters as angular variables: their periodici-
ties are locally fixed through the Planck constant by the
kinematical states, according to the phase harmony con-
dition m¯Λ ≡ 2π → k¯µT µ ≡ 2π, where ω¯ = γm¯ and
k¯i = γβim¯. Thus, every system in nature is formaliz-
able in terms of elementary spacetime cycles and their
modulations [3–5]. As also noted for instance by R. Pen-
rose, under such an assumption of Intrinsic Periodicity
(IP) every isolated particle is a relativistic reference clock
[3, 6], i.e. as “clocks directly linking time to a particle’s
mass” [7]. In fact, “a relativistic clock [is] a phenomenon
passing periodically through identical phases” [8]. Actu-
ally, these “ticks” of the internal clocks of the elementary
particles (Compton clocks) can be indirectly observable
experimentally [7, 9], and in principle used to define our
time axis similarly to the atomic clocks. This suggests a
relational interpretation of the flow of time. An isolated
system (universe) composed by a single particle has a per-
fectly homogeneous cyclic evolution (persistent “ticks”),
as a pendulum in the vacuum. Nevertheless, a system
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composed by more particles is ergodic as the elementary
periodicities are in general not rational each others; if
we also consider interactions and the consequent modu-
lations of periodicities, we find that the evolution of this
non elementary system of elementary cycles is chaotic,
according to our physical observations. Every instant in
time is therefore characterized by a unique combination
of the phases of the elementary cycles associated to the
particles constituting the system, similarly to the refer-
ence temporal cycles of a stopwatch or of a calendar.
The infinite spacetime periodicities of very low energy
massless particles (e.g. photons and gravitons have infi-
nite Compton worldline periodicities) set the underlying
non-compact reference spacetime framework for the or-
dinary causal relational description of retarded events in
relativity.
The simple question, never considered before, that we
want to address is: what happens if we impose to a parti-
cle its natural local modulated spacetime recurrence as
a constraint?1 Remarkably, the result is a consistent
unified description of fundamental aspects of modern
physics based on cyclic spacetime dimensions. Similarly
to Bohr’s atom or a ’particle in a box’, such a constraint
of IP is in fact a quantization condition. We will see
that the resulting cyclic dynamics formally match ordi-
nary relativistic Quantum Mechanics (QM) in both the
canonical and Feynman formulations [3–5]. The local
retarded variations of four-momentum of avery particle
interacting in a given interaction scheme can be equiva-
lently described, through the Planck constant, in terms
of corresponding local retarded modulations of elemen-
tary spacetime cycles. In this way we will see that gauge
interactions can be derived from spacetime geometrody-
namics similarly to gravity and Weyl’s original proposal
1 This means to promote IP to a general principle of physics.
2[10, 11]. The assumption of IP is also an interesting,
novel interpretational key of the fundamental properties
of modern integrable theories.
Cyclic spacetime geometrodynamics —We rep-
resent mathematically the elementary spacetime cycles
of a bosonic particle (“periodic phenomenon”) in terms
of compact spacetime dimensions of length T µ with Pe-
riodic Boundary Conditions (PBCs). In this way, a free
elementary bosonic system of fundamental mass m¯, in
the rest or in a generic reference frame, is represented,
respectively, by the equivalent (upon Lorentz transfor-
mations) actions
SΛ =
∫ Λ
dsL(∂sΦ(s),Φ(s))→
∫ Tµ
d4xL(∂µΦ(x),Φ(x))
(1)
This formalism is manifestly covariant (the action is a
scalar) as the PBCs (or anti-PBCs) minimize the action
at the boundary [3, 4]. A global Lorentz transforma-
tion xµ → x′µ = Λ µν x
ν in the free action (1) implies
a transformation of the boundary T µ → T ′µ = Λ µν T
ν.
The resulting recurrence T ′
µ
actually describes the four-
momentum k¯µ → k¯′µ = Λ
ν
µk¯ν of the free particle in the
new frame, according to k¯′µT
′µ = 2π. The geometric
quantity T µ is therefore a contravariant tangent four-
vector [12] satisfying the reciprocal of the relativistic dis-
persion relation: m¯2 = k¯µk¯
µ ⇔ 1Λ2 =
1
Tµ
1
Tµ
. Thus, as
long as modulations of periodicities are considered, the
resulting description of elementary spacetime cycles are
fully consistent with special relativity.
In this section we only consider the non-quantum limit
of a bosonic massive particle. This corresponds to the
fundamental solutions of (1), denoted by the bar sign,
Φ¯(s) ∝ exp[−im¯s] → Φ¯(x) ∝ exp[−ik¯µxµ]. Indeed, the
boundary at Λ and T µ select the kinematical state of the
particle, i.e. the BCs select a single Klein Gordon (KG)
mode describing the free boson at rest or in a generic
frame, respectively. Thus, in a generic frame, we see
that in (1) such a free fundamental solution Φ¯(x) of per-
sistent periodicity T µ is described by the ordinary KG
lagrangian L ⇒ L¯KG =
1
2 [∂µΦ¯∂
µΦ¯− m¯2Φ¯2].
Generic interactions are introduced by considering the
corresponding periodicity modulations, as prescribed by
undulatory mechanics. That is, in every point x = X ,
a generic interaction scheme (e.g. a potential) can be
described by the corresponding relativistic variations of
four-momentum with respect to the free case k¯µ →
k¯′µ(X) = e
a
µ(x)|x=X k¯a. This implies relativistic modula-
tions of instantaneous four-periodicity T µ → T ′µ(X) ∼
e µa (x)|x=XT
a. Under the assumption of IP, every free
particle is an inertial reference clock. Generic inter-
actions are therefore modulations of these elementary
clocks and in turns can be encoded in corresponding
deformations of the spacetime metric [13], similarly to
General Relativity (GR). In our formalism, modulations
of periodicity are in fact realized through PBCs by lo-
cal deformations of compact spacetime dimensions. In-
deed, in the free action (1), the local transformations
of reference frame xµ → x′µ(x) = xaΛ µa (x), where
e µa (x) = [∂x
′µ(x)/∂xa] (for simplicity’s sake we work
in the linear approximation, neglecting self-interactions)
leads to the transformed action with locally deformed
metric ηµν → gµν(X) = [eaµ(x)e
b
ν (x)]x=Xηab and local
boundary T µ → Σ′µ(X) = Λ µa (x)|x=XT
a:
SΛ ≃
∫ Σ′µ(X)
d4x
√
−g(x)L(e µa (x)∂µΦ
′(x),Φ′(x)) . (2)
The resulting fundamental solution has the typical form
of a modulated wave Φ¯′(x) ∝ exp[−i
∫ xµ dyµk¯′µ(y)] of
instantaneous periodicity T ′µ(x). Indeed, it actually de-
scribes the local four-momentum k¯′µ(x) of the interacting
bosonic particle.
It is easy to check that this description of interaction
matches the ordinary geometrodynamical description of
gravitational interaction of GR. A weak Newtonian in-
teraction in fact corresponds to the local variations of
energy ω¯ → ω¯(x)′ ∼ (1 +GM⊙/|x|) ω¯, implying through
the Planck constant the corresponding modulations of
time periodicity Tt → T ′t(x) ∼ (1−GM⊙/|x|)Tt. That
is, elementary cycles applied to Newtonian interaction
immediately yields two fundamental aspects of GR: red-
shift and time dilatation, e.g. see [14]. By also consid-
ering the variations of momentum and the correspond-
ing modulations of wavelength we find that, in (2), the
Newtonian interaction is actually encoded by the lin-
earized Schwarzschild metric. As known, ordinary Ein-
stein’s equation follows from this linearized description
by considering self-interaction [14].
Note that relativity, if rigorously interpreted, only fixes
the differential structure of spacetime (metric), whereas
the only requirement for the BCs comes from the varia-
tional principle, i.e. the BCs must minimize the action at
boundary of a relativistic theory. Einstein’s equation is
defined modulo boundary terms: we do not know “what
[and where] is the boundary of GR” [15]. We also note
that our approach fulfills the holographic principle [16]:
the boundary Σ′µ(x) of (2) is directly related to the local
spacetime periodicity T ′µ(x) and therefore, through ~, it
explicitly encodes the kinematics k¯′µ(x) of the interaction.
The assumption that every particle is a reference clock
yields a geometrodynamical description of gauge inter-
action, similar to GR as in Weyl’s original proposal.
Intuitively we want to describe the motion of a parti-
cle interacting electromagnetically in terms of the cor-
responding local transformations of flat reference frame:
dxµ(x) → dx′µ ∼ dxµ − edxaζ µa (x), (gµν(x) ∝ ηµν).
This can be parametrized by the vectorial field A¯µ(x) ≡
ζaµ(x)k¯a so that, according to our geometrodynamical de-
scription, the resulting interaction scheme is the minimal
substitution k¯′µ(x) ∼ k¯µ − eA¯µ(x) [4]. The locally ro-
tated boundary of (2) leads to modulated solutions of the
type Φ¯′(x) ∝ exp[−ik¯µxµ + ie
∫ xµ
dyµA¯µ(y)]. The gauge
connection (Wilson line) U¯(x) = exp[ie
∫ xµ
dyµA¯µ(y)]
(postulated in ordinary gauge theory) here is derived
from local transformations of flat reference frame. In-
3deed, through the gauge transformed terms Φ¯(x) =
U¯−1(x)Φ¯′(x) and ∂µΦ¯(x) = U¯
−1(x)DµΦ¯
′(x), where
Dµ = ∂µ − ieA¯µ(x), the modulated periodicity T ′µ(x) of
the interacting particle Φ¯′(x) is “tuned” to the persistent
periodicity T µ(x) of the free case Φ¯(x). By substituting
Φ¯(x) in L¯KG, we see that the modulated solution Φ¯′(x)
of the interacting action with locally deformed boundary
(2) is equivalently obtained from the “tuned” fundamen-
tal lagrangian L ⇒ L¯tuned =
1
2 [DµΦ¯
′DµΦ¯′ − m¯2Φ¯′
2
] in
the action (1) with persistent boundary T µ. In general
[4], gauge invariant terms are “tunable” to fulfill the vari-
ational principle at a common boundary T µ. In this way
we also justify the kinematic term − 14 F¯µν F¯
µν for A¯µ,
formally obtaining a Yang-Mills theory (this constrains
ζ µa (x) to be “polarized”). We have inferred that local
transformations of flat reference frame, inducing local ro-
tations of the boundary, correspond to transformations
of the fundamental solution of (2) formally equivalent
to the internal transformations of ordinary gauge theory
(in a sort of parametrization invariance applied to the
boundary).
Though relativity fixes the differential structure of
spacetime, it allows us to “play” with spacetime bound-
aries as long as the variational principle is fulfilled. Nev-
ertheless, BCs (playing a central role in “old” QM) have
a “marginal” role in Quantum Field Theory (QFT). For
instance, the KG field used for mathematical computa-
tions is the more general solution of the KG equation, so
that variations of the boundaries and BCs are not con-
sidered in the ordinary KG fields. We have introduced a
formalism in which the boundary selects the kinematical
state of the particle. Interactions can be therefore de-
scribed as corresponding local retarded modulations of
the spacetime periodicity of a KG mode from the initial
state to the final state, as suggested by undulatory me-
chanics, instead of creating and annihilating modes with
different spacetime periodicities (i.e. four-momenta) as
in ordinary QFT.
Correspondence to quantum mechanics — By
playing with BCs in a consistent way in a relativistic
wave theory, it is possible to derive at a classical level the
fundamental aspects of relativistic QM [3–5]. The most
general bosonic solution of the free action (1) is a vibrat-
ing “cord”2 with all the harmonics allowed by the PBCs
at T µ: Φ(x) =
∑
n φn(x) =
∑
nNa
∗
n(k¯) exp[−iknµx
µ];
the KG mode Φ¯ considered so far is the fundamental
harmonic, N and a∗n(k¯) are the normalization and popu-
lation coefficients of the harmonics, respectively. Homo-
geneous spacetime periodicity T µ (i.e. isolated particle)
implies a harmonic quantization of the conjugate energy-
momentum spectrum knµT
µ = nk¯µT
µ = 2πn; that is,
time periodicity T implies the quantized harmonic en-
ergy spectrum ωn = nω¯ = 2πn/T . Since T
µ transforms
as a contravariant four-vector, T varies with k¯ (relativis-
2 We use the term “cord” to avoid confusion with string theory
tic Doppler effect). In a generic reference frame, the re-
sulting energy spectrum of our harmonic system is there-
fore ωn(k¯) = 2πn/T (k¯) = n
√
k¯2 + m¯2. This is the same
energy spectrum prescribed for free bosons by ordinary
second quantization in QFT (after normal ordering3).
The modulated IP T ′µ(X) of an interacting parti-
cle exp[−i
∫ Σ′µ(X)
dxµk¯′nµ(x)] ≡ exp[−i2πn] implies the
Bohr-Sommerfeld quantization
∮
X
dxµk¯′nµ(x) = 2πn,
from which it is possible to solve semiclassically fun-
damental quantum systems [17]. This modulated har-
monic system is the typical classical system repre-
sentable locally in a Hilbert space. The modulated
harmonics of our vibrating “cord” form locally a com-
plete set with inner product 〈φ′n(X, tf )|φ
′
n′ (X, ti)〉 ≡∫
V (X)
dx
V (x)φ
′
n′
∗
(x, tf )φ
′
n(x, ti) and Hilbert eigenstates
〈X |φ′n〉 ≡ φ
′
n(x) (V (x) corresponds to a sufficiently large
or infinite number of spatial periods to contain the inter-
action region, so that V (x) ≃ V ). Thus, Φ¯′(x) is repre-
sented by a corresponding Hilbert state |Φ′〉 =
∑
an |φ′n〉.
The composition of more harmonic systems is represented
by the tensor product of the Hilbert spaces with a quan-
tum number for every fundamental periodicity; {n} cor-
responds to the S1 spacetime recurrence4.
The energy-momentum spectrum of the locally mod-
ulate harmonic system defines the non-homogeneous
Hamiltonian and momentum operators H′ and P ′i as
P ′µ |φ
′
n〉 ≡ k
′
nµ |φ
′
n〉, where P
′
µ = {H
′,−P ′i}. The “square
root” of the modulated wave equation leads to the space-
time evolution of every harmonic i∂µφ
′
n(x) = k
′
n(x)φ
′
n(x)
with infinitesimal unitary evolution operator U(x+dx) =
exp[−iP ′µ(x)dx
µ]. Thus, the resulting time evolution of
our modulated vibrating “cord” in Hilbert notation is de-
scribed by the ordinary Schrödinger equation i∂t |Φ′〉 =
H′ |Φ′〉. Moreover, the ordinary commutation relations
of QM are directly derived from the constraint of IP.
In analogy with Feynman’s demonstration [18], the ex-
pectation value of a total derivative ∂iF(x) for generic
Hilbert states, after integration by parts and considering
that the boundary terms cancel owing IP, yields the same
commutators of ordinary QM: [F(x),P ′i ] = i∂iF(x), and
[xj ,P
′
i] = iδij for F(x) = xj [3, 4].
This correspondence to ordinary relativistic QM is also
proved by the fact that the classical evolution of our
modulated harmonic system is mathematically described
by the ordinary Feynman path integral [3, 4]
Z =
∫
V
DxeiS
′(tf ,ti) . (3)
The resulting lagrangian L′ = P ′ixi − H
′ associated to
3 Another equivalently allowed possibility is to assume anti-PBCs
instead of PBCs, obtaining ωn(k¯) = (n+
1
2
) 2pi
T (k¯)
= (n+ 1
2
)ω¯(k¯).
4 E.g. spatial spherical symmetry S2 implies ordinary angular
momentum quantization with two additional quantum numbers
{l, m}), with related harmonic expansion and implicit commuta-
tion relations.
4S ′ is, by construction, the classical action of the cor-
responding interaction scheme, according to the ordi-
nary formulation. This remarkable result has an intu-
itive, purely classical interpretation. Without relaxing
the classical variational principle, in our cylindric geom-
etry of topology S1 the classical evolution of Φ′(x) is the
result of the interference of all the (potentially infinite)
possible classical paths with different windings numbers
between its two extremal configurations. By extending
all the volume integrals to an infinite number of peri-
ods (V → ∞) we obtain formally the same equations of
relativistic QM, and thus of our modern description of
nature. It is straightforward to check that our formal-
ism provides a correct classical limit for ~ → 0. The
harmonics of Φ′(x) are interpreted as quantum excita-
tions of the system. The corpuscular limit corresponds
to T → 0, so that only the fundamental energy level
(KG mode) is populated (infinite energy gap). IP ap-
plied to fermions represents a natural realization of the
Zitterbewegung model, providing a semi-classical descrip-
tion of the spin and the Dirac equation [19, 20], as well
as interesting reconsiderations of supersymmetry founda-
tional aspects [21].
The modulated classical evolution (3) in the case of
gauge interaction turns out to be described by the or-
dinary Feynman path integral of scalar QED (simi-
larly, the scattering matrix describes the modulations
of the harmonic modes in Hilbert notation) [4]. Such
a semiclassical description is confirmed by recent pro-
gresses in integrable theories with fundamental analogy
to our theory, such as light-front-quantization [22] (where
PBCs are the quantization condition), Twistor theory
[23] (“cyclic coordinates” attached to every spacetime
point) and AdS/CFT (discussed below). The modulated
PBCs applied locally to the modulo of the gauge trans-
formation (Wilson loop with generic winding number)
exp[ie
∫ Σ′µ(X)
dxµAµ(x)] = exp[iπn] implies the Dirac
quantization for magnetic monopoles
∮
X
dxµeAµ(x) =
πn. For example, as described in a forthcoming paper,
IP in gauge transformations Aµ(x) → Aµ(x) − e∂µΘ(x)
implies that the corresponding Goldstone mode Θ(x),
being a phase of a “periodic phenomenon”, is periodic
and can only vary by discrete amounts: eΘ(xµ) =
eΘ(xµ + T µ) + πn ⇒ δΘ(x) = n/2e. Thus, through
Stokes’ theorem, this means that the magnetic flux along
an orbit Σ characterized by pure gauge is quantized and
the current cannot decay smoothly:
∫
SΣ
B(x, t) · dS =∮
Σ
A(x, t) · dx =
∮
Σ
∇θ(x) · dx = n/2e. We have there-
fore obtained the description of superconductivity given
in [24]. Superconductivity has historically originated the
Higgs mechanism, in our description the corresponding
gauge symmetry breaking mechanism can be interpreted
as a quantum-geometrodynamical effect, see [4, 25].
We propose the following interpretation of the math-
ematic results above. This formal correspondence sug-
gests a possible statistical origin of QM associated to
the fact that, typically, the Compton periodicity of el-
ementary particles is extremely fast (except neutrinos)
with respect to the present experimental time resolution
∼ 10−17s. For instance, the recurrence of a simple elec-
trodynamical system is fixed by the electron Compton
time: Λe = 8.09329972 × 10−21s. As also noted by ’t
Hooft [26], “there is a deep relationship between a par-
ticle moving [very fast] along a circle and the quantum
harmonic oscillator” (i.e. the basic element of QFT). In-
deed, such a relativistic particle moving very fast along
a circle can only be described statistically (Hilbert nota-
tion) as a fluid (continuity equation) of total density one
(Born rule)5. Since in our statistical (Hilbert) description
of a “periodic phenomenon” (reference clock) the phase
cannot be observed, to determine the energy and define
time with good accuracy we must count a large number
of “ticks”, according to | exp[−iω¯t]| = exp[−i(ω¯t + π)] =
exp[−i(ω¯ +∆ω¯)t] = exp[−iω¯(t+∆t)]. This corresponds
to Heisenberg’s relation ∆ω¯∆t ≥ 1/2 [3, 4]. Note that we
have not introduced any local-hidden-variable in the the-
ory. The assumption of IP is the only quantization con-
dition and represents an element of non-locality (namely
“complete coherence”6, consistent with relativistic causal-
ity). The formal correspondence to ordinary QM sug-
gests that the theory could violate Bell’s inequalities as
ordinary QM, and thus a possible deterministic nature at
time scales smaller than the Compton time of the system.
Applications to modern physics — Elementary
spacetime cycles represent a new interpretational key
of fundamental aspects of modern physics, yielding ele-
ments of the mathematical beauties of extra-dimensional
or string theories. The Compton periodicity of the world-
line parameter enters into the equations of motion of the
free field Φ(x) in perfect analogy with the cyclic eXtra-
Dimension (XD) of a Kaluza-Klein (KK) theory, [28, 29].
If we have a KK massless theory dS2 = dxµdx
µ−ds2 ≡ 0
with cyclic XD s and compactification length Λ, and we
identify the cyclic XD with the Minkowskian worldline
parameter, ds2 = dxµdx
µ, we obtain exactly our purely
4D theory with Compton worldline periodicity s ∈ (0,Λ]
and thus, through Lorentz transformations, elementary
spacetime cycles. We address this identification by say-
ing that the XD is Virtual (VXD) [5]. For instance, the
rest energy spectrum of our harmonic system, or equiv-
alently of a second quantized KG field, is the analogous
of the KK mass tower mn = nm¯ = 2πn/Λ ≡ ωn(0) =
5 It is interesting to note that this is analogous to the statistical
description of the outcomes of a die rolling very fast. In a die
the outcomes can be predicted by observing the motion with a
sufficient resolution in time (an imaginary observer with infinite
time resolution has no fun playing dice, “God does not play dice”,
A. Einstein.)
6 The quantum recurrence is destroyed by the dissipative ther-
mal noise (chaotic interactions) [27]. This correctly describe
the quantum to classical transition. Cyclic dynamics suggests a
physical interpretation of the “mathematical trick” of Euclidean
time periodicity imposed to quantize statistical systems and of
Wick’s rotation [25]: the assumption in IP is in general a quan-
tization condition for a system at the equilibrium.
5nω¯(0) = 2πn/T (0)7. In this case the KK modes are
virtual : they are not independent KK particles of dif-
ferent masses, they describes the energy excitations of
the same 4D harmonic system, i.e. the quantum exci-
tations of the same system. The holographic approach
in XD theories actually corresponds to the same collec-
tive8 description of the KK modes, but in addition to
this the heavy modes are integrated out in terms of the
source field φΣ(x) ∼ Φ¯(x). The result of the holographic
approach is thus equivalent to an effective description of
the VXD: S ′HoloΦ|Σ=eφΣ(sf , si) ∼ S
V XD(sf , si)+O(Eeff /m¯)
(with implicit source term) [5, 31]. We note that, sim-
ilarly to light-front-quantization [32], Hilbert notation
with Schrödinger evolution i∂s |Φ
′〉 = M|Φ′〉 and im-
plicit commutation relation [s,M] = i between mass op-
erator M|φn〉 ≡ mn |φn〉 and XD s can also be applied
to KK theories [5].
An example [5, 33] of this geometric interpretation of
the particle’s mass as Compton proper-time periodicity,
as well as of the analogy between XD geometry and quan-
tum behavior, comes from graphene physics. In graphene
the electrons behave as 2D massless particles. However,
as a dimension is curled up to form a nanotube, the
electrons at rest with respect to the axial direction (rest
frame) have residual cyclic motions along the radial direc-
tion: the residual proper-time periodicity of corresponds
to the Compton time defining the effective mass of the
electrons in nanotubes, [5, 30, 33, 34]. A similar example
is given by graphene bilayer, in which the effective mass
is originated by the residual proper-time periodicity as-
sociated to the cyclic motion of the electrons between the
two layers at different potentials [35].
By means of the duality to XD theories, the generic in-
teraction scheme k¯′µ(x) is equivalently encoded in a corre-
sponding deformed9 VXDmetric dS2 ≃ gµνdxµdxν−ds2.
As confirmation of our description of gauge interaction,
it can be shown that the corresponding spacetime ge-
ometrodynamics discussed above are equivalently en-
coded in a virtual Kaluza-like metric (Kaluza’s miracle)
[29]. By combining the correspondence with relativistic
QM [3], the geometrodynamical formulation of interac-
tions [4] and the dualism to XD theories, we obtain that
elementary cycles pinpoints the fundamental classical to
quantum correspondence of Maldacena’s conjecture and
holography [36, 37]. This implies that the holographic
representation of the classical configurations of Φ′ in a
curved XD background describes the low energy quan-
7 This rest spectrum is observed in quantum phenomena such as
superconductivity and nanotubes [30].
8 In the holographic propagator ΠHolo(k¯2) the effective propaga-
tion of the all KK modes is in fact described in a collective way
in terms of the same fundamental k¯µ fixed by the source field.
9 In the case of finite Compton periodicity, dilatons or softwalls
should be included as well as mixing terms O(dxµds).
tum behavior of the corresponding interaction scheme [5]
∫
V
DxeiS
′(tf ,ti)
! eiS
′Holo
Φ|Σ=eφΣ
(sf ,si) . (4)
Another example of this classical to quantum corre-
spondence is given by the Quark-Gluon-Plasma (QGP)
freeze-out. We assume that the QGP is described by
the classical Bjorken hydrodynamical model [38]. This
means that during the freeze-out the energy decays ex-
ponentially with the proper-time s. Thus, neglecting
masses (ω ∼ k), the four-momentum has exponential
conformal decay k¯µ → k¯′µ(s) ≃ e
−Ksk¯µ
10. This equiv-
alently means that the spacetime periodicity has expo-
nential conformal dilatation T µ → T ′µ(s) ≃ eKsT µ.
According to our geometrodynamical description, this
interaction scheme is encoded in the warped metric
ds2 = e−2Ksdxµdx
µ, resulting from the deformation
dxµ → dx′µ(s) ≃ e
−ksdxµ, and in turns in the virtual AdS
metric dS2 ≃ e−2Ksdxµdxµ − ds2 ≡ 0. The time period-
icity of the fields during the QGP freeze-out turns out to
be the conformal parameter T (s) = eKs/K = 2π/E(s).
In agreement with the AdS/CFT dictionary, this nat-
urally describes, by means of the Planck constant, the
inverse of the energy during the freeze-out. Infinite VXD
means that the system has infinite Compton recurrence.
Indeed, according to our classical to quantum correspon-
dence, the modulated classical configurations of a har-
monic system in such a unbounded warped metric en-
code the quantum behavior of a massless quantum sys-
tem, i.e. of a conformal theory. In particular the warped
modulations of the harmonic solution leads to asymptotic
freedom, as shown in [40, 41].
A massive system has finite Compton periodicity,
i.e. compact VXD. Indeed, this breaks the conformal in-
variance. It is known from AdS/QCD that the collec-
tive modulated harmonics in this compact warped con-
figuration qualitatively matches the quantum behaviors
and mass spectrum of the hadrons (improvements of this
model are mentioned in [5]). Similarly to Veneziano’s
original idea, in our description the hadrons are indeed
collective energy (quantum) excitations, i.e. virtual KK
modes, of the same fundamental vibrating “string” [42].
This allows us to introduce another remarkable property
of the theory. From the free rest action in (1) we see that
the Compton wordline recurrence of elementary parti-
cles allow us the possibility to define of a novel, minimal
string theory based on a single compact world-parameter
and a purely 4D target spacetime. From a mathematical
point of view, the compact worldline parameter of the
theory plays a role similar to both the compact world-
sheet parameter of ordinary string theory and of the XD
of the KK theory. For this reason the theory inherits fun-
damental aspects of both string and XD theories, avoid-
10 In QCD thermodynamics [39], K is the cooling gradient (New-
ton’s law).
6ing the introduction of any unobserved XD. As we will
show in forthcoming papers, this yields interesting analo-
gies to Veneziano’s amplitude [43], Virasoro’s algebra [4],
phenomenological properties of Randall-Sundrum mod-
els and implications to quantum gravity. The compact
4D target spacetime has also important justifications in
QCD confinement [44].
Conclusions — Pure quantum systems are charac-
terized by IP, so that isolated elementary particles can
be regarded as reference clocks “linking time to the par-
ticle’s mass” [7]. We infer that a formulation of physics in
terms of intrinsically cyclic spacetime dimensions is fully
consistent with the theory of relativity [3–5]. In fact,
relativity fixes the spacetime differential structure (met-
ric) leaving the freedom to play with BCs, as long as the
variational principle is fulfilled. This allows us to encode
undulatory mechanics directly into the spacetime geom-
etry, enforcing the wave-particle duality and the local
nature of relativistic spacetime. We have shown that or-
dinary quantum behaviors are consistently derived from
corresponding classical cyclic dynamics. This provides an
intriguing unified description of fundamental aspects of
modern physics, including a geometrodynamical descrip-
tion of gauge interaction analogous to gravity, and pin-
points the fundamental classical to quantum correspon-
dence characteristic of important integrable theories.
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